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Abstract

Macrophages are a major inflammatory cell type involved in the development and progression of
many important chronic inflammatory diseases. We previously found that apolipoprotein E-
deficient (Apoe™") mice with the C57BL/6 (B6) background develop type 2 diabetes mellitus
(T2DM) and accelerated atherosclerosis when fed a Western diet and that there are increased
macrophage infiltrations in pancreatic islets and aorta. The formyl peptide receptor 1 (FPR1) is
abundantly expressed on the surface of macrophages. The purpose of this study was to evaluate
the applicability of cinnamoyl-F-(D)L-F-(D)L-F (cFLFLF), a natural FPR1 antagonist, to
detection of macrophages in the pancreatic islets and aorta. 54Cu labeled cFLFLF and 18F-
fluorodeoxyglucose (FDG) were administered to mice with or without T2DM. Diabetic mice
showed an increased 18FDG uptake in the subcutaneous fat compared with control mice, but
pancreatic uptake was minimal for either group. In contrast, diabetic mice exhibited visually
noticeable more cFLFLF-84Cu retention in pancreas and liver than control mice. The heart and
pancreas isolated from diabetic mice contained more macrophages and showed stronger PET
signals than those of control mice. Flow cytometry analysis revealed the presence of macrophages
but not neutrophils in pancreatic islets. Real-time PCR analysis revealed much higher FPR1
expression in pancreatic islets of diabetic over control mice. Autoradiography and
immunohistochemical analysis confirmed abundant FPR1 expression in atherosclerotic lesions.
Thus, 84Cu-labeled cFLFLF peptide is a more effective PET agent for detecting macrophages
compared to FDG.
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Introduction

Macrophages are involved in a number of important chronic inflammatory diseases,
including atherosclerosis, asthma, inflammatory bowel disease, rheumatoid, arthritis and
fibrosis [1]. In these diseases, there are increased macrophage infiltrations in relevant
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tissues. In response to persistent infection or chronic insults, macrophages release
inflammatory cytokines, enzymes, and growth factors, which sustain a chronic inflammatory
status. Type 2 diabetes mellitus (T2DM) is a common metabolic disease whose etiology is
not fully understood [2]. We and others have observed the presence of macrophages in the
islets of type 2 diabetic patients and animals by histology [3][4], although the significance of
locally recruited macrophages to the pathogenesis of T2DM is unclear.

18F_fluorodeoxyglucose (FDG) positron emission tomography (PET) is a non-invasive
imaging tool that has been used to diagnose inflammatory diseases involving macrophages.
PET FDG activity has been shown an association with macrophage contents in
atherosclerotic lesions [5][6][7][8]. However, due to background uptake of this tracer by
other cell types, an accurate quantitation of macrophages has been difficult [9]. Thus, there
is a medical need for finding more specific macrophage agents with little or no background
binding to other cell types. The hexapeptide cinnamoyl-F-(D)L-F-(D)L-F (cFLFLF) is a
naturally occurring antagonist to the formyl peptide receptors (FPRs), a family of G protein-
coupled receptors expressed by phagocytic leukocytes [10][11]. In mammals, there are three
FPR receptor subtypes, including FPR1, FPR2 and FPR3, which share significant sequence
homology and are encoded by three adjacent genes. As FPRs are mainly restricted to
leukocytes, the cFLFLF peptide has been used to evaluate inflammation involving
neutrophils [12][13][14]. A recent study has shown that FPR1 is more abundantly expressed
by macrophages than neutrophils [11]. Apolipoprotein E-deficient (Apoe™") mice are a
commonly used model for experimental atherosclerosis research. They develop spontaneous
hyperlipidemia and atherosclerosis on a low fat chow diet. Feeding a high fat diet aggravates
hyperlipidemia and promotes atherosclerosis. We have found that Apoe™~ mice develop
T2DM when fed a Western diet [4][15][16]. Interestingly, we have observed macrophage
infiltration in the islets of diabetic mice [4]. Therefore, we expected that the cFLFLF peptide
could be an effective probe for monitoring macrophages in the pancreatic islets. As
atherosclerotic lesions in the aorta contain macrophage-derived foam cells and few or no
neutrophils [17][18], they could serve as valuable controls.

Material and Methods

Mice

Female B6.Apoe™'~ mice were purchased from the Jackson Laboratory, Bar Harbor, ME.
One group of mice were started on a Western diet containing 21% fat, 34.1% sucrose, 0.15%
cholesterol, and 19.5% casein (Harlan Laboratories, TD 88137) at 6 weeks of age, and
maintained on the diet for over 12 weeks. Another group was fed a chow diet throughout the
entire experimental period to serve as controls. Mice were kept in a pathogen free vivarium
under a 12 hour light/dark cycle, constant room temperature (22+2°C) with free access to
food and water. All procedures were carried out in accordance with the National Institutes of
Health guidelines and approved by the institutional Animal Care and Use Committee.

Probe labeling

The cFLFLF peptide was modified by adding a bifunctional polyethylene glycol moiety
(PEG, 3.4kDa) and -2,2/,2”,2""-(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl) tetraacetic
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acid (DOTA) motif through a lysine (K) spacer, as reported [12]. The resulting compound
was capable of binding Cu?*. 4-6 mCi (148-222 MBq) of 84CuCl, was incubated with 20
mg of cFLFLF-PEG-DOTA in 0.1N ammonium acetate (pH 5.5) buffer at 40°C for 20 min.
The mixture was then purified on semipreparative RP HPLC to collect fractions containing
CFLFLFK-PEG-DOTA-54Cu.

Mice were anesthetized by intramuscular injection of ketamine (80 mg/kg) and xylazine (8
mg/kg) before they were injected via the tail veins with 7-10 MBq of 18FDG or 18-25 MBq
of radiolabelled peptide (5-10 ug) in 200 pl of saline per mouse. Anesthesia lasted
approximately 1 h. Anesthetized mice were kept on a warm pad before and after scan. PET
scans were performed using Siemens Focus 120 microPET 2 h after 18F-FDG injection or 24
h after injection of the peptide. Immediately following PET scans, the heart and pancreas of
mice were removed, and PET scans were then conducted on the isolated organs. PET images
were constructed for regions of interest using the OSEM-MAP algorithm [19].

Histology and Immunohistochemistry

The heart and adjacent aorta were fixed in 10% formalin and processed with the standard
histological procedure. Atherosclerotic lesions in the aortic root were determined by oil red
stain, as we previously reported [20][21]. The presence of macrophages in the aortic root
was detected with a rat antimouse macrophage/monocyte 1gG (Serotec) as previously
reported [22]. FPR1 expression was detected with a goat antibody from Santa Cruz
Biotechnology, Inc.

64Cu-cFLFLF autoradiography

64Cu-cFLFLF binding to atherosclerotic lesions was evaluated by autoradiography.
Cryosections of the aortic root with atherosclerotic lesions were incubated with 84Cu-
CFLFLF for 1 h, then washed thoroughly with PBS before being exposed to X-ray films.
Adjacent cryosections were stained with oil red O, and alignment of autoradiographic and
oil red O images allowed estimation of 84Cu radioactivity in atherosclerotic plaques and the
adjacent aortic wall without plaques. Pancreatic islet cell preparation, flow cytometric
analysis, and real-time PCR. Pancreatic islets were prepared as we reported [4]. Briefly,
the pancreas was perfused in situ, first with saline through the heart and then with a solution
containing collagenase X1 via the common bile duct. The entire pancreas was then isolated
and digested in the collagenase XI-containing solution. Digested pancreas was filtered to
capture islets. For flow cytometry, theislets prepared were further digested into individual
cells with a mixture of collagenases X1 and I. Islet cells were stained with fluorophore-
conjugated primary antibodies, including BV421-conjugated rat anti-mouse LY-6G (BD
Biosciences), Alexa 488-conjugated rat anti-mouse CD11b (BD Biosciences), APC-
conjugated anti-mouse CD45 (eBioscience), and PE-conjugated anti-mouse Mac3
(eBioscience). Stained cells were analyzed on a FACSCalibur flow cytometry using FlowJo
software. The macrophage content was defined as cells double positive for CD11b and
Mac3 on a CD45-positive gate. Neutrophils were identified as cells positive for LY-6G and
CD11b on a CD45-positive gate. The mRNA expression level of FPR1 relative to GAPDH
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MRNA in the islets of mice was determined by real-time PCR. Total RNA was extracted
from the islets, treated with DNase I, and reverse transcribed to cDNA using ThermoScript
RT-PCR system (Invitrogen). cDNA was used as template for amplification of FPR1 and
GAPDH using a SYBR Green supermix reagent on a CFX Real-Time PCR Detection
System (Bio-Rad). The primers for FPR1 amplification were 5'-
GCACCAATTTGGGGACCAAC-3'/5-GCTGGAAGTTAGAGCCCGTT-3, and were 5~
GAGGCCGGTGCTGAGTATGT-3'/5-AAGGGTGGAGCCAAAAGGGTCATC-3' for
GAPDH.

Statistical analysis

RESULTS

Values were expressed as means + SD, with n indicating the number of mice. Student's t test
was used for determining statistical significance between diabetic and non-diabetic mice.
Differences were considered statistically significant at P< 0.05.

Development of type 2 diabetes

We previously reported that Apoe™~ mice with the B6 background develop T2DM on the
Western diet [4]. In this study, blood glucose levels of B6.Apoe™~ mice were measured with
a glucometer using whole blood squeezed from the cut tail tip. On a chow diet, B6.Apoe™~
mice had a fasting blood glucose level of 76 + 12 mg/dl (n = 15; Figure 1). After being fed a
Western diet for 12 weeks, their fasting glucose levels rose to 115+17 mg/dl (n = 7). The
elevation in blood glucose was highly significant (P=0.00045).

PET imaging

PET scans were performed 2 h after tail vein injection of 18F-FDG. The most distinct
difference between control and diabetic mice was the signal from the subcutaneous adipose
tissue: the diabetic mice showed a high 18F-FDG uptake while the uptake was barely
detectable in the control mice (Figure 2). The standardized uptake value (SUV) of the
diabetic mice (n=4) was 0.529+0.157, significantly higher than the value of 0.182+0.013 in
the control mice (n=3) (P=0.0139). 18F-FDG uptake was not detectable in the liver or heart
of control mice, but it was observable in these organs of diabetic mice. Both control and
diabetic mice showed abundant 18F-FDG accumulation in the kidneys. No signal was
observed in regions of the pancreas for either control or diabetic mice.

For the cFLFLF peptide, PET scans were performed 24 h after its administration. Similar
to18F-FDG, cFLFLFK-PEG-54Cu showed the highest accumulation in the kidneys of both
control and diabetic mice (Figure 3). Accumulation of the tracer in the pancreas differed
dramatically between control and diabetic mice: no signal was detectable in the pancreas of
control mice while a strong signal was observed in the pancreas of diabetic mice. In
addition, the tracer showed more retention in the liver of diabetic mice than of control mice.

To confirm the in vivo finding, the pancreas and heart were removed from the mice and PET
scans were performed on these isolated organs. Consistent with the in vivo finding, the
pancreas isolated from the diabetic mice showed stronger signal than the pancreas of control
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mice (Figure 4). The heart isolated from diabetic mice also showed more tracer retention
than the heart of control mice. Atherosclerotic lesions in the aortic root, which contained
numerous macrophages, were evaluated by classic oil red O staining and immunostaining
targeting macrophages and FPR1 (Figure 5). As diabetic mice were fed the Western diet,
they developed much larger atherosclerotic lesions than control mice fed a chow diet.
Immunostaining showed the abundance of macrophages in the lesions. FPR1 was primarily
expressed in atherosclerotic lesions, specically in those newly formed lesions with high-
density macrophage infiltration. FPR1 expression was barely observed in the necrotic area
of atherosclerotic lesions. The autoradiography of an aortic root section showed a good
agreement between the radioactivity of 4Cu-cFLFLFK and the presence of atherosclerotic
lesions (Figure 6). Flow cytometry was carried out to assess the presence of macrophages
and neutrophils in the pancreatic islets of B6.apoE~/"mice fed the Western diet.
Macrophages were identified as CD11b and Mac3 double positive cells and neutrophils
were identified as CD11b and LY-6G double positive cells following positive selection for
the common leukocyte antigen CD45. Macrophages accounted for 2.9% of all living islet
cells, but no neutrophils were detectable (0%) (Figure 7A). Real-time PCR was performed to
determine the difference between control and diabetic mice in FPR1 mRNA expression
levels in the islets. The ratio of FPR1 to GAPDH in mRNA expression levels was 0.866 in
diabetic mice, but it was 0.066 in control mice (Figure 7B).

Discussion

The cFLFLF peptide has been shown to be an effective PET imaging agent for detecting
neutrophils in vivo [13]. It binds to the FPR receptors on the surface of the cells with a high
binding affinity and acts as an antagonist [13]. As the FPR receptor is more abundantly
expressed by macrophages, in this study we used a type 2 diabetic mouse model to test the
potential of the cFLFLF peptide as a PET agent to detect macrophages in vivo. We have
now demonstrated the effectiveness for this peptide as a PET agent to image macrophages.

Apoe™'~ mice are a commonly used animal model for atherosclerosis research. They develop
spontaneous hyperlipidemia and all phases of atherosclerotic lesions in large and medium-
size arteries even when fed a low-fat chow diet [18]. Feeding of a high-fat diet aggravates
hyperlipidemia and promotes plaque growth [18][23][24]. As atherosclerotic lesions contain
numerous macrophages but have no neutrophils, the heart with atherosclerosis is obviously a
perfect control for testing the effectiveness of a ligand for imaging macrophages. A much
stronger PET signal with the peptide was observed for the heart isolated from diabetic mice,
which had larger atherosclerotic lesions, as compared to the heart of non-diabetic mice,
which had smaller lesions. Similarly, the pancreas of diabetic mice had more macrophages
and exhibited a stronger PET signal with the peptide than the pancreas of non-diabetic mice
that had fewer macrophages [4]. Using flow cytometry, we have demonstrated the presence
of macrophages but not neutrophils in the pancreatic islets of Apoe™~ mice fed the Western
diet. Through immunohistochemical analysis, we have demonstrated the co-localization of
macrophages and FPR1 in atherosclerotic lesions. Thus, the enhanced PET signals from the
heart and the pancreas of diabetic mice with the cFLFLF peptide should be attributable to
the increased numbers of macrophages in these organs, although there was a possibility for
the up-regulation of the FPR receptor in the heart and pancreas by the high-fat diet feeding.
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A relatively high 84Cu-cFLFLF accumulation was observed in the liver of diabetic mice.
This finding could be explained by increases numbers of macrophages in the liver due to
inflammatory responses induced by the high-fat diet. The liver has a large number of
macrophage lineage cells, Kupffer cells, which make up 80% of the total body macrophages
under physiological conditions [25][26]. A recent study has shown that the population of
Kupffer cells increases in mice fed a high-fat diet [27]. Nevertheless, there was a possibility
that an up-regulated expression of the FPR receptor in the liver by the high-fat diet. A high
retention of the tracer was observed in the kidneys of both diabetic and non-diabetic mice.
This was probably due to the renal clearance of 4Cu-cFLFLF.

The subcutaneous fat exhibited a higher FDG uptake in the mice that were fed the Western
diet than those fed the chow diet. This finding is in agreement with our previous observation
that Apoe™/~ mice on the Western diet have no impairment in insulin sensitivity [4]. As
such, higher blood glucose levels are expected to lead to more glucose absorbed by
peripheral tissues. The finding on an increased FDG uptake by the liver of mice on the
Western diet supports this speculation. The adipose tissue contains a number of
macrophages [28][29], which could also contribute to increased glucose uptake by
subcutaneous fat of mice fed the Western diet.

Despite the presence of macrophages in the pancreas, this study has failed to visualize FDG
uptake by this organ in those mice fed the Western diet. A probable explanation is that even
though the pancreas of diabetic mice contained a number of macrophages, which were
expected to augment FDG uptake, their contribution to overall FDG uptake was small and
could be overwhelmed by the greater mass of other cellular components within this

organ. 18F-FDG is considered the gold standard tracer that has been used for clinical
applications to diagnose a number of diseases, including atherosclerosis [30]. This study has
shown that the cFLFLF peptide is superior to FDG in imaging macrophages and could be
used to visualize the pathological processes involving macrophages.
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Chow Western

Figure 1.
Fasting blood glucose levels of female B6.Apoe™"mice fed a chow or Western diet. Mice

were fasted overnight before blood glucose concentrations were determined with a
glucometer using whole blood taken from the cut tail tips. Values are means + SD of 7 or 15
mice. * P< 0.05 vs. mice fed a chow diet.
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Figure 2.
PET images obtained 2 h after administration of 28F-FDG to control and diabetic mice. 7-10

MBq 18F-FDG was injected via the tail veins. Diabetic mice showed an increased 18F-FDG
uptake by the subcutaneous fat and the liver, compared to control mice. A, control mouse; B,
diabetic mouse; C, the standardized uptake value (SUV) of FDG in the subcutaneous fat of
control and diabetic mice. Results are means + SD of 3 or 4 mice per group. * P<0.05.
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Control Diabetic

Figure 3.
In vivo PET images obtained 24 h after administration of 4Cu-labelled cFLFLF to a control

(left panel) and a diabetic mouse (right panel). The peptide was administered via the tail
veins. The arrow sign (—) denotes the pancreas. Diabetic mice showed an increased tracer
accumulation in the pancreas and the liver compared to the control mice.
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Figure4.
Representative ex vivo PET images of the isolated heart and pancreas from a control and a

diabetic mouse. Immediately following in vivo PET scans, the heart and pancreas were
removed from the mice and PET scans performed on the isolated organs. The diabetic heart
and pancreas showed more tracer retention than the control heart and pancreas, respectively.
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Figure5.
Top panels: Oil red O staining of atherosclerotic lesions in the aortic root of the heart that

underwent ex vivo PET scans. The aortic root was cross-sectioned and the sections were
stained with oil red O. Diabetic mice (A) had much larger atherosclerotic lesions than
control mice (B). Lower panels: cross-sections of the aortic root of a diabetic mouse stained
with a specific antibody against macrophages (C) or FPR1 (D). E, negative control for
immune stain. A and B, original magnification X4; C thru E, magnification X10.
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Figure6.
An autoradiographic image of an aortic root section incubated with 84Cu-cFLFLFK and an

adjacent section stained with oil red O showing plaue presence. The aortic root was from
Apoe~'~ mouse fed the Western diet. The area with atherosclerotic lesions shows strong
radioactivity.
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Figure?7.

Upper panels: Flow cytometric analysis of macrophages and neutrophils in the islets of
B6.Apoe~~mice fed the Western diet. Macrophages were identified as CD11b and Mac3
double positive cells gated for CD45. Neutrophils were identified as CD11b and LY-6G
positive cells gated for CD45. Lower panel: Real-time PCR analysis of FPR1 expression in
pancreatic islets of mice fed a chow or Western diet. Gene expression levels are expressed
as a ratio of FPR1 mRNA relative to GAPDH mRNA.
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